Speciation through homoploid hybridization (HHS) is considered extremely rare in animals. This is mainly because the establishment of reproductive isolation as a product of hybridization is uncommon. Additionally, many traits are underpinned by polygeny and/or incomplete dominance, where the hybrid phenotype is an additive blend of parental characteristics. Phenotypically intermediate hybrids are usually at a fitness disadvantage compared with parental species and tend to vanish through backcrossing with parental population(s). It is therefore unknown whether the additive nature of hybrid traits in itself could lead successfully to HHS. Using a multi-marker genetic data set and a meta-analysis of diet and morphology, we investigated a potential case of HHS in the prions (Pachyptila spp.), seabirds distinguished by their bills, prey choice, and timing of breeding. Using approximate Bayesian computation, we show that the mediumbilled Salvin's prion (Pachyptila salvini) could be a hybrid between the narrow-billed Antarctic prion (Pachyptila desolata) and broad-billed prion (Pachyptila vittata). Remarkably, P. salvini's intermediate bill width has given it a feeding advantage with respect to the other Pachyptila species, allowing it to consume a broader range of prey, potentially increasing its fitness. Available metadata showed that P. salvini is also intermediate in breeding phenology and, with no overlap in breeding times, it is effectively reproductively isolated from either parental species through allochrony. These results provide evidence for a case of HHS in nature, and show for the first time that additivity of divergent parental traits alone can lead directly to increased hybrid fitness and reproductive isolation.
Introduction
Homoploid hybrid speciation (HHS), where distinct species hybridize to form a new reproductively isolated species without a change in chromosome number, is rare in nature (Rieseberg 1997; Gross and Rieseberg 2005) . Zoologists of the 20th century generally believed that gene flow between species would counteract divergence (and speciation; Mayr 1963; Coyne and Orr 2004) . The 21st century has thus far seen an increase in the number of putative cases of HHS, suggesting that HHS could be more common than previously thought (Mav arez et al. 2006) . However, despite this trend, compelling evidence for HHS is lacking in all but a few cases (Gross and Rieseberg 2005; Schwarz et al. 2005; Mav arez et al. 2006; Hermansen et al. 2011; Lamichhaney et al. 2018) , as several stringent conditions must first be met (Abbott et al. 2013; Schumer et al. 2014 ).
Three main criteria should be satisfied for successful HHS: 1) reproductive isolation between hybrids and parental species, 2) genetic evidence of hybridization, 3) evidence of reproductive isolation as consequence of hybridization (Schumer et al. 2014) . Additionally, it is important that parental populations are species in their own right, possessing distinguishable species-specific characteristics that are sufficiently divergent to yield novel phenotypic characteristics in the resulting hybrid upon secondary contact (Abbott et al. 2013 ). Yet, parental populations should also not be so divergent that they are reproductively isolated from each other and cannot produce viable hybrids. Moreover, the hybrid phenotype should also confer hybrids with a fitness at least as high as its parent species in order to proliferate and become established (Abbott et al. 2013) . If the phenotypic integrity of the hybrids is to be maintained, that is, that the hybrids remain a distinct species in the future, a reduction of continued gene flow with parental populations is required to prevent the formation of a hybrid swarm, where the hybrid phenotype is continually eroded through parental backcrossing (Mallet 2007; Abbott et al. 2013; Schumer et al. 2014; Seehausen et al. 2014) . Gene flow may be attenuated when hybridization itself results in the reproductive isolation of the hybrid phenotype. Simulation and empirical studies have shown that reproductive isolation can be achieved through hybridization in a number of ways, including recombinational speciation, where parental incompatibilities are sorted such that a subset act as barriers to gene flow against either parental species (Grant 1958; McCarthy et al. 1995; Schumer et al. 2015) ; by ecological speciation (Rieseberg 1997; Buerkle et al. 2000; Schwarz et al. 2005) or geographic isolation (Rieseberg 1997; Marques et al. 2016) .
Successful HHS therefore depends on hybrid fitness and reproductive isolation of hybrids from parental populations. In nature, hybrids can show an additive blend of parental characteristics (Brelsford et al. 2011; Elgvin et al. 2011; Hermansen et al. 2011; Lavretsky et al. 2015) , since many traits have a polygenic or incomplete dominant basis of inheritance (Anderson 1949) . The hybrid phenotype in such cases is approximately intermediate to parents. It is logically rare that such additive hybrid traits could lead to an increase in fitness since intermediate hybrids may not be suited to either parental environment (Fisher 1930; Mayr 1942) . It is more common that hybridization events facilitate speciation by producing hybrid phenotypes that are more prominent than those of the parental populations (transgressive hybrid) and have higher adaptive value (deVicente and Tanksley 1993; Rieseberg et al. 1999; Seehausen et al. 2014) . Indeed, among some of the proposed cases of HHS, hybrid fitness increased relative to parental species through other genetic means, namely transgressive phenotypes (Nolte et al. 2006; Lamichhaney et al. 2018) ; through mosaic phenotypes where hybrids resemble a codominant patchwork of both parental traits (Kunte et al. 2011) ; through the dominance of one or other parental phenotype and/or through the inheritance of entire linkage blocks (or speciation/divergence islands) that contain the molecular blueprints of each parental phenotype (Nadeau et al. 2012) .
It is rarer still that additive traits lead to reproductive isolation (Gavrilets and Losos 2009) , as intermediate hybrids will be less divergent and capable of backcrossing with either parental population, thus more likely to form a hybrid swarm (Mav arez and Linares 2008; Hermansen et al. 2011; Schumer et al. 2014) . In two suggested cases of HHS where additive traits came into secondary contact, reproductive isolation was facilitated by geographic separation (Marques et al. 2016) , and by sexual selection for the novel hybrid trait (Barrera-Guzm an et al. 2018) , although the latter case has been recently contested (Rosenthal et al. 2018) . Therefore, it has yet to be demonstrated that the additive nature of polygenic or incompletely dominant traits could in itself lead to reproductive isolation.
Adaptive radiations could promote HHS (Seehausen 2004) , and play a role in several of the proposed cases (Howarth et al. 2005; Mav arez and Linares 2008; Lamichhaney et al. 2018) . This is because phenotypic divergence between speciating lineages occurs faster than reproductive isolation, thereby allowing species to hybridize and produce viable offspring upon secondary contact. We focus on the prions (Pachyptila spp.), a monophyletic group of pelagic seabirds, whose distribution is exclusive to the Southern Ocean, where they breed on remote oceanic islands during the austral summer (Quillfeldt et al. 2014 ) ( fig. 1 ; supplementary table S1, Supplementary Material online). Prions are masters in the art of pelagic flight covering vast oceanic distances in relatively short periods of time (Quillfeldt et al. 2014; Navarro et al. 2015) .
Despite the potential for gene flow over vast distances , the Pachyptila radiation is characterized by the evolution of two disparate feeding strategies, reflecting pronounced differences in bill morphology. All prions possess palatal lamellae of varying size on their upper mandibles to help them filter feed (Murphy 1936) . As lamellae are more effective when birds are able to filter larger quantities of water, bill width and bill length are highly correlated ( fig. 2 ; supplementary table S2, Supplementary Material online), and lamellae, therefore, are more pronounced in those species with broader and longer bills (Klages and Cooper 1992) . At the larger end of this morpho-ecological axis, the broad-billed prion Pachyptila vittata possesses highly pronounced lamellae and feeds almost exclusively on copepods. At the opposite end of the axis, the narrow-billed species such as the thin-billed prion Pachyptila belcheri and the fairy prion Pachyptila turtur possess only vestigial lamellae (Morgan and Ritz 1982) , and are unable to filter feed (Ridoux 1994; Cherel et al. 2002) . The diet of narrow-billed species consists mainly of euphausiids, decapods, hyperiid amphipods, cirripeds, small cephalopods and fish (Ridoux 1994; Cherel et al. 2002) . The bill of the Antarctic Prion (Pachyptila desolata) is slightly broader than the narrowest-billed species ( fig. 2 (Cherel et al. 2002) .
The Salvin's Prion (Pachyptila salvini) possesses a medium-width bill with pronounced palatal lamellae ( fig. 2 ; Murphy 1936) potentially allowing it to feed on prey species available to both broad and narrow-billed species. Genetically, mitochondrial DNA (mtDNA) places P. salvini sister to P. desolata, yet nuclear microsatellites pair it with either P. desolata or P. vittata, depending on the method used to estimate genetic distance (Moodley et al. 2015) . A hybrid origin for P. salvini could potentially explain these results.
Although the prions have attracted much phylogenetic and taxonomic attention (Murphy 1936; Falla 1940; Fleming 1941; Fullagar 1972; Cox 1980; Harper 1980; Jacob and Hoerschelmann 1982; Bretagnolle et al. 1990; Viot et al. 1993; Nunn and Stanley 1998; Penhallurick and Wink 2004; Rheindt and Austin 2005) a reliable species tree is still lacking. Consequently, most studies currently follow the taxonomy by Bretagnolle et al. (1990) which, based on morphometrics, breeding biology, vocalizations, and genetics, classify Additive Traits Promote Homoploid Hybrid Speciation . doi:10.1093/molbev/msz090 MBE Antarctic, Salvin's, thin-billed, and fairy prions as distinct, yet closely related taxa.
In this study, we perform a morphological and genetic analysis of the Pachyptila adaptive radiation and present a remarkable case of HHS, where the additive effects of hybridizing two highly divergent parental species result in both a potentially fitter and reproductively isolated hybrid species.
Results

Morphology and Diet
Our meta-analysis of available morphological data confirmed that Pachyptila species are distinguishable ( fig. 2 ) not only by bill width (F ¼ 364.2, n individuals ¼ 1,524, n populations ¼ 24, P < 0.001, multiway ANOVA) and bill length (F ¼ 931.7, n individuals ¼ 1,375, n populations ¼ 25, P < 0.001), but also by wing length (F ¼ 81.1, n individuals ¼ 1,673, n populations ¼ 25, P < 0.001), tarsus length (F ¼ 26.4, n individuals ¼ 1,010, n populations ¼ 21, P < 0.001), and tail length (F ¼ 6.2, n individuals ¼ 914, n populations ¼ 13, P < 0.05) (see details in supplementary table S2, Supplementary Material online).
All available data on the diet of the Pachyptila species studied here were considered in relation to bill morphology. We found that Salvin's prion, possessing a medium-width bill with pronounced palatal lamellae ( fig. 3 , and the number of prey items included in the diet of each species (bars). Sources and sample sizes are provided in supplementary tables S1 and S2, Supplementary Material online. tur: fairy prion Pachyptila turtur; bel: thin-billed prion Pachyptila belcheri; des: Antarctic prions Pachyptila desolata; sal: Salvin's prions Pachyptila salvini; vit: broad-billed prions Pachyptila vittata. Only data from live individuals or fresh corpses were included. Only prey items reported with an occurrence >3% were included in order to avoid occasional prey and items resulting from secondary ingestion (prey gut contents). Masello et al. . doi:10.1093/molbev/msz090 MBE circumpolar distribution (Bird I. in South Georgia/Georgias del Sur, Mayes I. in the Kerguelen Is., and Marion I. in the Prince Edward Is.). Among loci, the mitochondrial cyt b locus was most polymorphic and diverse when averaged across all Pachyptila species, followed by the nuclear intron Aden5. Yet, when each species was considered separately, variation at cyt b was generally lower than for introns Aden5, d-cryst, and OD67 (supplementary table S5, Supplementary Material online), indicating higher levels of allele sharing at the nuclear, relative to the mitochondrial locus. Similarly, low sequence diversity was observed at Lipo2 and Tim4, and this was generally true for species-and genus-level analyses. Although negative values for both Fu's Fs and Tajima's D statistics were nonsignificant at the species level (supplementary table S4, Supplementary Material online), one or other of these values was consistently negative for most species at all loci, potentially indicating demographic histories of population expansion.
Genetic Structure
Levels of incomplete lineage sorting and/or gene flow among species were first assessed using mtDNA and nuclear intron gene networks in NETWORK (fig. 4) . Species-specific structure was more apparent at mtDNA than among nuclear intron genes ( fig. 4) . The cyt b gene structured the genus into its recognized species, with little evidence of haplotype sharing among species (fig. 4 ). An exception to this was one P. desolata haplotype that grouped with P. salvini, with the mtDNA diversity of the latter species appearing to have derived from the gene pool of the former. On the other hand, for nuclear Additive Traits Promote Homoploid Hybrid Speciation . doi:10.1093/molbev/msz090 MBE intron sequences, allele sharing among Pachyptila species was the rule with only the outgroup (H. caerulea) partitioning separately for all but one intron ( fig. 4B-F) . Despite very different levels of allelic diversity among nuclear intron sequences, there was little to no structuring into species-specific lineages within the in-group ( fig. 4B-F) .
We combined all the information in these six mtDNA and nuclear intron gene networks into a species tree for Pachyptila under a Bayesian multispecies coalescent model in BEAST 2 (table 1) . A soft-bounded lognormal prior (a ¼ 1.2, b ¼ 4.5) of no later than 5 Ma for the emergence of the genus was based on earliest fossil evidence (see Materials and Methods) . This species tree analysis also allowed for a refinement of locus-specific mutation rates, which varied almost 10-fold between highest (1.52 Â 10 À3 / site/Ma, cyt b) and lowest (2.00 Â 10 À4 , Lipoprotein lipase) estimates (supplementary fig. S1 , Supplementary Material online). Even the most highly mutating nuclear intron (Aden5) was just under half that of the mtDNA locus (supplementary fig. S1 , Supplementary Material online). To resolve more recent divergence and admixture within the radiation, we also carried out analyses of population structure using the modelfree discriminant analysis of principal components (DAPC, Jombart et al. 2010) and Bayesian clustering in STRUCTURE (Pritchard et al. 2000) using 326 ingroup multilocus microsatellite genotypes. Both analyses, using Bayesian information criterion (BIC) and the delta K method (Evanno et al. 2005) , respectively, estimated an optimal K ¼ 3. The consensus species tree ( fig. 5A ) explained 30% of the posterior distribution (PD) of species trees, with the six most common topologies (supplementary fig. S2 , Supplementary Material online) accounting for 83%. This tree differed only slightly from the nuclear DNA tree ( fig. 5B ), in which the position of P. salvini was sister to P. turtur and not the P. belcheri/P. desolata clade. The initial split within Pachyptila was between broad-billed P. vittata and the narrower-billed species (68% PD) occurring 4.8-5.8 Ma ( fig. 5A ; table 1). Similarly, under a two-population model, genome-wide microsatellite diversity was structured into the broad-billed and the narrow-billed populations (K2; fig. 5D ). Within the narrow billed group, the species with the narrowest and shortest bill, P. turtur, was first to diverge between 1.1 and 4.0 Ma ( fig. 5A ; table 1) and in the microsatellites analyses at K3 (fig. 5D ).
The Origin of P. salvini
Although the phenotypically intermediate P. salvini could be separated from P. desolata-P. belcheri (51% PD; table 1), it was sister to P. desolata and P. vittata in 29% and 5% of cases, respectively. STRUCTURE analysis of the microsatellite data provided further resolution of recent population structuring. Instead of partitioning P. salvini, microsatellite variation was structured into a P. desolata cluster at K4 and the first split among P. vittata populations at K5 ( fig. 5D ). Despite further model fitting up to K10 (supplementary fig. S3 , Supplementary Material online), P. salvini failed to form a species-specific cluster. Instead, the multilocus profiles of P. salvini comprised admixed alleles from P. desolata and the P. vittata population on Gough Island. This was further supported by a Bayesian estimation of bidirectional interspecific migration rates inferred in BAYESASS 3.0, which were generally low (table 2) , except in the case of P. salvini, where up to 96% of its gene pool could have been derived through unidirectional gene flow with P. desolata, P. belcheri, and P. vittata.
In order to confirm a hybrid origin for P. salvini and rule out other factors such as common ancestry, lineage sorting, and homoplasy in explaining the observed results, we used the microsatellite data to perform a model choice analysis (hypothesis contrast) based on coalescent simulations within an approximate Bayesian computation (ABC) framework (Beaumont 2010) . In a first step, we compared all 105 possible dichotomous species tree topologies as models, with the best model corresponding to a topology that was only one branch-swap different from the nuclear intron-mtDNA consensus tree ( fig. 5A ). In the second step, we used these two trees (the best supported and intron-mtDNA consensus tree), as well as two randomly chosen trees to construct a balanced, symmetrical set of 16 evolutionary models (hypotheses). The 16 models included four without admixture (models 1-4), four with admixture from P. desolata only (models 5-8), four with admixture from P. vittata only (models 9-12), and four full hybrid models with parental species P. desolata and P. vittata (models 13-16; fig. 6 ). The best model with both a direct acceptance method and a random forests method was model 13, which was similar to the consensus species tree but with P. salvini originating from the admixture of P. desolata and P. vittata (Bayes factor 1.21-138.0, posterior probability 0.166 with the direct method, and 0.4630 with random forests; supplementary figs. S4 and S5, tables S6 and S7, Supplementary Material online). A hybrid origin for P. salvini was also supported by the next best model (model 14), in which P. vittata remains ancestral to the Pachyptila, but where P. turtur is most closely related to the P. belcheri-P. desolata sister group. When pooled together, all hybrid models (models 13-16) received much more support than other models with a direct approach (Bayes factor 4.1-445, posterior probability of 0.529). The random forests approach could only provide a posterior probability for the best supported model (0.4630 for model 13 alone), therefore its support for the combined hybrid models should be even higher.
Discussion
Incomplete Lineage Sorting versus Gene Flow
Despite high admixture among species, we were able to infer species-level populations from microsatellite data for all but P. salvini, which appeared to comprise a mix of alleles from other species populations. These populations may have arisen during a time when gene flow was limited and/or effective population sizes small, in order for alleles to sort. These conditions would also have promoted the almost complete lineage sorting observed at the cyt b locus, perhaps at an elevated level because of the smaller effective population size of mitochondrial DNA. Cytochrome b, is widely known for its high phylogenetic resolution among animals and seabird examples include gadfly petrels (genus Pterodroma), Masello et al. . doi:10.1093/molbev/msz090 MBE subspecies of White-faced Storm-petrel (Pelagodroma marina), and two storm-petrels (genus Oceanodroma; Gangloff et al. 2013; Silva et al. 2015 Silva et al. , 2016 ). Yet, the lack of cyt b haplotype sharing suggests that mitochondrial gene flow may be limited in this group, perhaps resulting from female philopatry, as suggested for P. turtur (Ovenden et al. 1991) , and for other birds (Tiedemann et al. 1999; Caparroz et al. 2009 ). In general, seabirds are well-known for their philopatric FIG. 5 . Inferred phylogeny and genetic structure for the five Pachyptila (Aves, Procellariiformes) species in this study. The species trees were inferred using a Bayesian multispecies coalescent framework in BEAST. Microsatellite genetic structure was inferred in adegenet 2.0 and in STRUCTURE 2.0. Reconstruction of species trees using the mtDNA and nuclear intron sequences (A), and using only the nuclear intron markers (B). Blue boxed regions show the 95% Bayesian credible intervals (BCIs) for relative divergence times. Narrow (light blue) and broad-billed (orange) taxa are colorcoded. For timing and reliability of species divergence events on the Pachyptila species tree see table 1. The blue petrel Halobaena caerulea was used as outgroup. MBE behavior, which is probably one of the most evident potential barriers to gene flow in this group (Friesen 2015) . Gene flow could also explain high levels of incomplete lineage sorting at nuclear intron loci, but this view is highly unlikely because nuclear microsatellite data could be resolved into species populations. Both introns and microsatellites are nuclear and thus similarly affected by population size. Therefore, gene flow would be expected to decrease microsatellite resolution similarly to that of nuclear introns. Gene flow therefore cannot account for the lack of ancestral structure among intron gene trees, and most of the genetic diversity must be polymorphisms with a much deeper ancestry that have not yet undergone complete lineage sorting. Nuclear introns may be particularly affected by incomplete lineage sorting because of their lower mutation rates (supplementary material S1: fig. S1 , Supplementary Material online), potentially resulting from stabilizing selection (Castillo-Davis et al. 2002; Hong et al. 2006) . Thus, incomplete lineage sorting of nuclear introns is commonly observed in vertebrates (McCracken and Sorenson 2005; Welch et al. 2011; Kutschera et al. 2014) , and arises either because species share a recent common ancestor and/or if ancestral effective population sizes were large (Edwards et al. 2005) . On the other hand, nuclear intron lineages sampled from outside the radiation among H. caerulea, which we estimate shared a distant common ancestor with Pachyptila $15 Ma (but could be as recently as 8 Ma) had sorted almost completely.
Despite differences in diversity, mutation rates and levels of incomplete lineage sorting and gene flow, both slower evolving nuclear and mitochondrial DNA sequences and rapidly mutating microsatellite loci revealed very similar hierarchical levels of genetic structure ( fig. 5) , and this was consistent with 
FIG. 6.
Simulation of coalescent demographic scenarios of all Pachyptila (Aves: Procellariiformes) species in this study within an approximate Bayesian computation (ABC) framework. Evolutionary scenarios were grouped as follows: no admixture ("null" models 1-4), admixture from Pachyptila desolata only (models 5-8), admixture from Pachyptila vittata only (models 9-12), and hybrid origin (admixture from both P. desolata and P. vittata; models 13-16). an early divergence between broad and narrow-billed species. The basal position of P. vittata ( fig. 5 ) and the occurrence of vestigial palatal lamellae in the narrow-billed species suggest that the broad-billed filter-feeding morpho-ecotype was ancestral among Pachyptila, and that the narrow-billed phenotype evolved within the last four million years. At more derived parts of the radiation, both nuclear intron networks and species trees show greater uncertainty among narrowbilled species. This results from inconsistencies between the species tree and the nuclear intron tree topologies ( fig. 5B) . In both analyses, alternative, though less probable, topologies for relationships among narrow-billed species also occurred in the PD of species trees ( fig. 6 ; supplementary material S1: fig. 4 , Supplementary Material online). This evidence implies high levels of gene flow among narrow-billed species, and is supported by high admixture at microsatellite loci. The Pachyptila radiation is therefore at a phase where the most ancient population divergence can be reconstructed because of gradual lineage sorting, through on going genetic drift. At the same time, the placement of narrow-billed species divergences remains less certain because drift is overshadowed by gene flow in the more derived part of the tree, from at least 2.5 Ma and possibly longer.
A Hybrid Origin for P. salvini
Pachyptila salvini comprises a mix of derived alleles obtained through gene flow. This effectively rules out the possibility that P. salvini was the common ancestor to, or the genetic intermediate between, narrow and broad-billed phenotypes. Our results suggest that P. salvini is a hybrid between P. desolata and P. vittata, whose intermediate phenotype may confer it with a feeding advantage over parental and other Pachyptila species by allowing it to feed on a significantly broader range of prey (fig 3; supplementary table S3 , Supplementary Material online). Apart from P. salvini, all other species in the Pachyptila radiation were assigned to species or population clusters. The difficulty in assigning P. salvini, even when forcing the data into up to ten clusters, suggests the species possesses a highly admixed genome. This was further supported by a Bayesian estimation of bidirectional interspecific migration rates, where the majority of the variation in P. salvini could be attributed to gene flow from other species. A formal testing of the full hybrid model against no-migration or simple introgression models using simulations with powerful ABC-machine learning methods showed that, despite moderate statistical power, the most probable model was that P. salvini originated through hybridization between narrowbilled P. desolata and broad-billed P. vittata. The parental species show some degree of overlap in distribution in areas around New Zealand and in parts of the South Atlantic Ocean (supplementary table S1, Supplementary Material online; Marchant and Higgins 1990) . Interestingly, these areas of overlap between P. desolata and P. vittata are located far away from P. salvini breeding colonies (all located in the Indian Ocean). Late Pleistocene climatic oscillations could potentially have brought parental species into greater secondary contact, although we feel this is not a necessary requirement since prions are highly mobile seabirds, and able to cover the large distances among oceanic islands that offer suitable breeding habitat (Quillfeldt et al. 2013 (Quillfeldt et al. , 2014 (Quillfeldt et al. , 2015 Navarro et al. 2015) . Furthermore, distances between colonies within a species are usually of similar or greater magnitude than between species, with genetic differentiation low and inferred migration rates (table 2) high between island populations within prion species ). Geography therefore is highly unlikely to restrict gene flow among Pachyptila species.
We present strong evidence for the evolution of P. salvini through additive morphometric and genetic effects. However, its intermediate position between, and potential feeding advantage over, either parental species do not prove that P. salvini is a hybrid species. Hybrid swarms also display similar additive traits, including higher hybrid fitness (Arnold and Hodges 1995; Seehausen 2004) . To maintain its integrity, and fitness advantage, any newly evolved hybrid P. salvini must also be effectively reproductively isolated from parental species. Since geography may be ruled out as a reproductively isolating mechanism in prions, we looked to behavioral mechanisms instead. Changes in the timing of reproduction (allochrony) were found to attenuate gene flow in other seabirds Friesen 2015) . A summary of the available breeding data for hybrid and parental species suggests that P. salvini has an intermediate breeding phenology to either of its parental species (fig. 7) . The onset of egglaying is earliest in P. vittata (last third of August to early September), intermediate in P. salvini (early to midNovember) and latest in P. desolata (early December). Although some overlap in egg-laying might occur between P. salvini from Crozet I. and P. desolata from Signy I. and Macquarie I., the P. salvini population on Marion Island (studied here) ends egg-laying earlier (late-November) than P. desolata (early-December). Since egg-laying time is highly correlated with mating time in birds (Arvidsson and Neergaard 1991) , these data suggest that the reproduction of P. salvini is isolated from both parental species, P. desolata and P vittata. This is remarkable, since it would imply that the time of breeding is also additive in nature.
The data and analyses presented here suggest that Salvin's Prion could be a hybrid species in which the additive effects of divergent parental morphological traits have led to an intermediate bill morphology, potentially increasing its fitness, whereas additive parental breeding traits has led directly to reproductive isolation through the evolution of intermediate, and hence allochronous, breeding times. This would be all the more remarkable because intermediate phenotypes may arise through the additive influence of several genes (Anderson 1949) , so the chances of independently intermediate phenotypes driving the hybrid speciation process must be extremely low. Future research could confirm our interpretation of the results and unravel the mechanism underlying phenotypically additive pleiotropic effects in this system by means of wholegenome analyses, and investigate potential linkage between genes influencing bill morphology and those controlling breeding phenology.
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Materials and Methods
Species, Samples, and Morphometric Data
Between 2010 and 2012, samples (all from breeding adults) from 77 thin-billed prions (P. belcheri), 80 Antarctic prions (P. desolata), 118 broad-billed prions (P. vittata), 18 Salvin's prions (P. salvini), and 34 fairy prions (P. turtur) were obtained in breeding colonies located on temperate to subAntarctic island groups ( fig. 1 ; supplementary table S1, Supplementary Material online).
A summary of the morphometric data used in this study, as well as the source references are provided in the supplementary table S2, Supplementary Material online. To obtain missing morphometric data for P. belcheri corresponding to New Island, Falkland/Malvinas Islands ( fig. 1 ; supplementary tables S1 and S2, Supplementary Material online), we measured wing length (6 1 mm; n ¼ 157) with a stopped wing rule, tale length (6 1 mm; n ¼ 157) with a feather rule, bill length (n ¼ 86) and width (n ¼ 98), and tarsus length (6 0.1 mm; n ¼ 155) with callipers.
Molecular Methods
Genomic DNA extraction for all samples was outlined in a previous study (Moodley et al. 2015) . Twenty-five microsatellite loci, originally isolated by shotgun genome sequencing of a thin-billed prion were amplified in all samples following a previous study (Moodley et al. 2015) . Microsatellite profiles were checked for null alleles using MICROCHECKER (van Oosterhout et al. 2004 ) and for deviation from genotypic equilibrium (Hardy-Weinberg equilibrium, HWE) using FSTAT (Goudet 1995) . Multiple tests were corrected using a Bonferroni correction. Characteristics and variation of the 25 loci are detailed in Moodley et al. (2015) . A subset of 32 samples, five of each of three species and six for P. belcheri and P. turtur, plus five from the closely related outgroup taxon Blue Petrel H. caerulea (from Bird I., South Georgia, Marion I., Prince Edward Is., and Mayes I., Kerguelen Is.), were used to amplify an informative 880 bp fragment of the mitochondrial cyt b gene, also following the methods and Polymerase Chain Reaction (PCR) conditions described in Moodley et al. (2015) . Within each species, individuals were chosen from as many breeding colonies as possible (supplementary table S1, Supplementary Material online), thereby capturing as much of the genetic variation of each species as possible.
Partial intron sequences of five nuclear housekeeping loci known to be informative in avian molecular systematics were amplified in the same 32 individuals (six species) used to sequence the cyt b gene (supplementary table S4 . PCR was conducted in 20 ml reaction volumes containing 100 ng DNA template, 10 mM of each primer, 10 mM dNTPs (Roth, Karlsruhe), 2 mM MgCl, 5 U Thermus aquaticus polymerase (BioLabs Taq DNA polymerase) in a 1Â PCR reaction buffer. Thermocycling included an initial denaturation at 94 C for 2 min, 30 cycles of denaturation at 94 C for 30 s, annealing at 60 C (d-Cryst) or 58 C (for the remaining markers) for 45 s and extension at 72 C for 1 min, followed by a final extension step of 72 C for 5 min. Products were purified of excess primers and dNTPs using exonuclease-shrimp alkaline phosphatase (Fermentas Life Sciences following the manufacturer's specifications). PCR products were then sequenced in both directions using Big Dye chemistry (Applied Biosystems) and run on an AB 3130xl genetic analyser (Applied Biosystems). Resulting sequences were assembled and aligned in CLC Main Workbench 6.
Genetic Diversity and Tests of Neutrality
Genetic diversity was estimated for each population and each species for all marker sets. For microsatellites, the allelic diversity (number of alleles per locus) was estimated using GENETIX 4.05 (Belkhir et al. 2004 ) and rarefied for differences in sample size using ADZE 1.0 (Szpiech et al. 2008) . Unbiased expected heterozygosity (HE) and observed heterozygosity (HO) was also estimated in GENETIX. Nuclear intron sequences were phased using the Phase algorithm (Stephens et al. 2001 ), consisting of 100,000 iterations with a burnin proportion of 10%. Nucleotide and haplotype diversities for nuclear FIG. 7 . Phenology. Comparison of egg-laying periods (in yellow), hatching dates (in orange), and chick fledging dates (in light blue) for the Antarctic prion Pachyptila desolata, Salvin's prion Pachyptila salvini and broad-billed prion Pachyptila vittata. Data are given for different colonies of each species ( fig. 1; variation between populations) . Horizontal bars represent the time span (variation among individuals). n indicates the number of breeding seasons investigated (variation between years). Superscript numbers indicate the source references for the data used to create the figure. 1 : Jouventin et al. (1985) Regardless, a positive D may also result from balancing selection or a population bottleneck and a positive Fs from overdominant selection or a population bottleneck. To infer the nature of selection and population demography acting upon our data set of mtDNA and nuclear intron sequences, we ran both Tajima's and Fu's tests of neutrality using ARLEQUIN 3.5.
Microsatellite Genetic Structure
We investigated the existence of population genetic structure using two methods: the model-free DAPC (Jombart et al. 2010) implemented in adegenet 2.0 (Jombart 2008) , and an individual Bayesian clustering algorithm in STRUCTURE 2.0 (Pritchard et al. 2000) . All individuals from all species were run at the same time. The optimum number of clusters for DAPC was determined by the lowest BIC. In STRUCTURE, we assumed an admixture model since prions are specialist long distance pelagic birds, it is reasonable that most species have come repeatedly into secondary contact over the course of their radiation. The analysis was run ten times for K1-10 with each run randomly started, consisting of 500,000 Markov Chain Monte Carlo (MCMC) iterations, assuming correlated allele frequencies and removing the first 100,000 runs as burnin. The mean likelihood values across multiple values of K were determined using STRUCTURE HARVESTER (Earl and vonHoldt 2012) in accordance with Evanno's method (DK, i.e., the rate of change in the log probability of data between successive K values; Evanno et al. 2005) . Assignment plots were constructed for all values of K that were biologically interpretable. We also performed the same analyses on a reduced data set containing only the 18 loci not deviating from HWE to determine the general consistency of the data (for identity, characteristics and variation of the used loci see Moodley et al. 2015) . We used CLUMPAK (Kopelman et al. 2015) for the creation of supplementary fig. S3 , Supplementary Material online. We did not include the sample from Isla Noir in any of these analyses due to missing data in the majority of loci.
Haplotype Networks
Since we were interested in the potential allele sharing among species, we also represented each gene tree as a reticulating network, rather than a bifurcating tree ( fig. 4) . The median joining method was implemented in NETWORK 5.0 (Bandelt et al. 1999 ) with an equal weighting on all nodes and using a correction cost algorithm.
Parameterizing the Pachyptila Species Tree Coalescent
To determine how Pachyptila species were related to each other, we reconstructed the phylogeny of the genus using all the available DNA sequence data (mtDNA and nuclear intron markers). The species tree was inferred using a Bayesian multispecies coalescent framework in BEAST 2 (Bouckaert et al. 2014) . The best nucleotide substitution model was determined for each of the six alignments using JMODELTEST (Posada 2008) . Site models were thus unlinked for each partition. Each gene tree was unlinked, and a species tree using a birth-death model prior was used to account for gene tree incongruence. The population prior allowed for changes in effective population size, but assumed a constant ancestral population size. Five H. caerulea individuals, sequenced for the same marker set, were used as the outgroup of Pachyptila. All clock models were unlinked, but to determine the correct clock prior, alternative models assuming lognormal and exponential priors were tested against a strict molecular clock for each partition. After a single run of one billion MCMC iterations, sampling every 10,000 steps and discarding 20% as burn-in, the standard deviations of the posterior marginal distributions of both these parameters included zero in all cases, making them no more likely than a null strict clock for all gene partitions. All subsequent analyses were therefore carried out assuming a strict clock.
Mutation Rates among Procellariiformes and Coalescence Times
Mutation rates among tube-nosed seabirds are known to be lower than that of other bird orders (Nunn and Stanley 1998; Quillfeldt 2017 ). Since mutation rates can affect estimates of time to most recent common ancestor (TMRCA) of a set of DNA sequences, we included priors on mutation (clock) rates that were informed by the latest molecular data using BEAST 2 (Bouckaert et al. 2014 ) and in addition, we informed the minimum height of the Pachyptila clade from the fossil record. For cyt b we set a strong normally distributed clock prior using a procellariform-specific mean body-mass corrected mtDNA mutation rate of 0.00189 per site per million years as its mean, with standard deviation set at 0.00025 (Nabholz et al. 2016) . Clock rates were also estimated for each of the nuclear intron partition, but with a starting value equal to the recently available germline mutation rate in birds (0.0023 per site per million years). However, it is likely that germline mutation rates are far lower among the tube nosed seabirds (Quillfeldt 2017 ), so we set wide uniform priors to account for this possibility. We then placed a prior on the height of the monophylectic Pachyptila clade, whose height we set at no younger than oldest fossil attributed to the genus, 5 Ma old (Olson 1983 (Olson , 1985a (Olson , 1985b . We set a hard bound of 5 Ma, and accounted for the potential of a much earlier origin of the genus by setting a lognormal distribution (a ¼ 1.2, b ¼ 4.5) where the 95% quartile reached 20 Ma. This fully parameterized model was run five times, each time for one billion simulations, logging parameters every 100,000 steps, and discarding the first 20% as burn-in. MCMC convergence was assessed by viewing MCMC traces directly and by ESS values in TRACER 1.6 (Rambaut and Drummond 2007). To determine the bias brought into the species tree estimation by the higher mutation rate of the cyt b gene, we reran the full model, but without the mtDNA partition and compared the resulting species trees.
MBE
Quantifying Interspecific Gene Flow
We inferred gene flow in BAYESASS 3.0 using bidirectional migration rates (m) (Wilson and Rannala 2003) . This method was successful in the study of immigration and emigration in populations that are not in equilibrium, for example, . BAYESASS estimates the posterior probability of an individual's history and allows an estimation of the rate and direction of recent dispersal (Genovart et al. 2013 ). The acceptance rates for the main parameters (i.e., "migration" rate, inbreeding coefficient and allele frequencies) were adjusted during several preliminary runs. Convergence was assessed by checking the trace files in TRACER 1.6 (Rambaut and Drummond 2007). Final parameter estimates were obtained after performing three independent runs using different starting random seed numbers. The MCMC was run for 50,000,000 iterations with a burn-in period of 10,000,000 and a sampling frequency of 5,000 iterations.
Inferring Historical Structure by ABC
To test the hypotheses of a hybrid origin versus a nonhybrid origin, we employed the microsatellite data to perform an inference by ABC, which is a technique that uses a large number of simulations to perform statistical inference by selecting a sample of simulations with the highest similarity to the empirical data set (Beaumont 2010 ). Since the number of possible hybridization models is large (from thousands to millions due to the multiple combinations of topologies and admixture events), we performed a model choice analysis (hypotheses contrast) in two stages. In the first step, we tested all the possible 105 rooted dichotomic topologies that could be made with the five Pachyptila taxa, with each topology being a competing model. We then took the best-supported model (topology) from this analysis as well as the topology of the mitochondrial consensus tree (which were highly similar) and two random topologies as a basis for the construction of a symmetric set of 16 models. Thus, for each of the four basetopologies we defined four models according to the type of admixture they presented with P. salvini: no admixture (models 1-4), admixture with P. desolata (models 5-8), admixture with P. vittata (models 9-12), and Salvin's prion evolving as a hybrid species from parental species P. desolata and P. vittata (models 9-12). This design allowed assessing not only individually, but also in groups, the effect of having the correct phylogeny or the correct type of admixture. We ran 105 million simulations for the first step (one million per model) and analyzed the 100 to 1,000 ($0.001-0.0001%) closest simulations to the empirical data. This 100-1,000 range allowed us to assess the consistency of the acceptance ratios to different thresholds. Summary statistics and priors were the same for this analysis and for the second stage (classic analysis, see below). Because the first step was only intended for guidance in the definition of the admixture scenarios, only Bayes factors were used to select the best model. For this and subsequent analysis we avoided the use of logistic regression because it yielded highly inconsistent results, possibly caused by known pitfalls of the logistic regression approach (Pudlo et al. 2016 ).
For the second step, we carried out two types of ABCbased model choice analysis: a classic analysis and a machine learning technique known as random forests. The classic approach chooses the best model by inferring model likelihoods out of the model ratios in the accepted sample. In the random forests approach, the inference is seen as a classification problem and the reference table (a table with summary statistics, parameters, and model indicators of all simulations) is used as a training data set that is used by a set of decision trees (the forest) to predict the model corresponding to the empirical data set.
For the classic analysis, 16 million simulations (one million per model) were run, from which the 160-1,600 (0.001-0.01%) closest simulations to the empirical data set were retained for inference. Prior probabilities of each model were equal (0.0625 each), while parameters were sampled from the next priors (see supplementary fig. S6 , Supplementary Material online): effective population sizes of all modern and ancestral populations were sampled from log-uniform priors in ; the relative contributions of P. vittata and P. desolata to P. salvini (in hybrid models) were sampled from a uniform prior in [0.001, 0.999] ; the time to the hybridization was sampled from a uniform prior in [10, 166666] ; the time to the youngest population split was sampled from a uniform prior in [10, 166666] ; whereas the times from the intermediate population splits were sampled from uniform priors in [22222, 222222] and [27777, 277777] . Times were set in generations with a generation time set to 18 years. Following recommendations of the software (DIYABC, see below), we employed a Stepwise Mutation Model (SMM) with a mean mutation rate given by a log-uniform prior (10 À6 -10
À2
) and individual locus rates given by a gamma prior with shape parameter set at 2.0 and constrained to the interval 10 À6 -10
. We employed an overall of 50 summary statistics: for each of the five species we used the mean number of alleles, mean genic diversity, mean size variance, and mean Garza-Williamson's M, whereas for each species pair we used Fst, shared allele distance and (dm) 2 distance. We visually assessed the fit of the best supported model to the empirical data by means of Principal Components Analysis (PCA) performed on the summary statistics (supplementary fig. S5 , Supplementary Material online) and to the whole set of models by means of linear discriminant analysis (supplementary fig. S7 , Supplementary Material online). We computed Bayes factors, approached by the acceptance rates (direct estimates), for each pair of models and reported the model that received the highest support.
For the random forest analysis, we ran 160 thousand simulations (10 thousand per model) and loaded the reference table from DIYABC format to R by means of the function "readRefTable" of the "abcrf" package. Using the function "err.abcrf" we estimated the out-of-bag error for different number of trees in order to define an optimal number of trees for the analysis (n ¼ 1,000; supplementary fig. S8 , Supplementary Material online). We created the random forest with the function "abcrf" and obtained charts of the linear discriminant axes. We estimated the best model with the Masello et al. . doi:10.1093/molbev/msz090 MBE function "predict.abcrf" trained on the reference table and using as a predicting point the set of summary statistics (introduced by hand). This function also estimates the posterior probability of the chosen model by means of a regression random forest (Pudlo et al. 2016) . Following recommendations (Pudlo et al. 2016; Estoup et al. 2018) , the inference was performed with a large set of summary statistics, for which we included all those used in the classic ABC analysis plus classification index for each pair of populations (two indices per pair) and maximum likelihood of admixture, resulting in an overall 71 summary statistics.
Simulations, model choice by the direct method and for logistic regression, as well as PCA analyses were carried out in the software DIYABC 2.1 (Cornuet et al. 2014) . For the random forests analysis, the simulations were carried out in DIYABC whereas the rest of the analyses were performed in R (R Core Team 2018) with the package "abcrf" (Pudlo et al. 2016 ).
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
